Dengue virus is a worldwide-distributed mosquito-borne flavivirus with a positive strand RNA genome. Its transcribed polyprotein is cleaved by host-and virus-encoded peptidases into 10 proteins, some of which are of unknown function. Although dengue virusinfected cells seem to be resistant to the antiviral action of IFN, the viral products that mediate this resistance are unknown. Therefore, we have analyzed the ability of the 10 dengue virus-encoded proteins to antagonize the IFN response. We found that expression in human A549 cells of the dengue virus nonstructural proteins NS2A, NS4A, or NS4B The DEN virion contains a positive strand RNA molecule with an Ϸ10-kb-long ORF flanked by 5Ј and 3Ј nontranslated regions. After endocytosis and release of the viral nucleocapsid into the cytosol, a 3,391-aa-long polyprotein is translated from the viral RNA at the surface of the endoplasmic reticulum (ER). The combined activity of host and virus peptidases results in the cleavage of three structural (C, prM, and E) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. During viral RNA replication, catalyzed by NS5͞NS3 proteins, a negative strand RNA intermediate is generated that is found in association with the genomic positive strand RNA (1, 2).
D
engue virus (DEN) classifies in the family Flaviviridae (genus Flavivirus) of which Ͼ50 other members including West Nile (WN) and yellow fever (YF) viruses have been identified. Transmitted by the mosquito Aedes aegypti, DEN is the most prevalent arthropod-borne virus affecting humans, with Ͼ50 million new cases per year. The dengue fever is a relatively mild febrile illness with rash whereas the dengue hemorrhagic fever is a more severe, sometimes lethal disease.
The DEN virion contains a positive strand RNA molecule with an Ϸ10-kb-long ORF flanked by 5Ј and 3Ј nontranslated regions. After endocytosis and release of the viral nucleocapsid into the cytosol, a 3,391-aa-long polyprotein is translated from the viral RNA at the surface of the endoplasmic reticulum (ER). The combined activity of host and virus peptidases results in the cleavage of three structural (C, prM, and E) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. During viral RNA replication, catalyzed by NS5͞NS3 proteins, a negative strand RNA intermediate is generated that is found in association with the genomic positive strand RNA (1, 2) .
The onset of the IFN-␣͞␤ response in virus-infected cells presumably occurs on viral entry and release͞synthesis of viral components, including double-stranded RNA (dsRNA) intermediates. The transcription factors IFN regulatory factor (IRF)-3, IRF-7, NF-B, and activating transcription factor 2 (ATF2)͞c-Jun are activated by some of these viral components and trigger the expression of IFN-␣͞␤ (3-7). Secreted IFN-␣͞␤ binds to the IFN alpha receptor (IFNAR) on the surface of infected and neighboring cells, resulting in activation of the Janus kinase (JAK)͞signal transducer and activator of transcription (STAT) pathway and transcription of numerous genes from promoters containing IFN-stimulated regulatory elements (ISRE). About 100 genes are induced by IFN-␣͞␤, resulting in the induction of an antiviral state (8) . The pivotal role of IFN-␣͞␤ in protecting against viral infections has been demonstrated by the finding that STAT1 Ϫ/Ϫ mice are extremely sensitive to viral infections (9) (10) (11) .
The antiviral IFN-mediated response is often hindered by counteracting mechanisms developed by viruses. Experimentally, pretreatment with IFN-␣͞␤ or IFN-␥ protects human cells against DEN infection (12) . However, IFN treatment after DEN infection does not inhibit viral replication, indicating that DEN infection circumvents the action of IFN (12) . In addition, the high pathogenicity of DEN in patients exhibiting high titers of IFN suggests that DEN is capable of antagonizing the IFN response (13) . Interestingly, multiple anti-IFN mechanisms have been documented for the hepatitis C virus (HCV), a virus related to DEN. HCV NS5A inhibits the eukaryotic translation initiation factor 2␣ (eIF-2␣) kinase PKR (protein kinase R), an IFN-induced protein with antiviral activity (14) . The HCV envelope protein E2 also inhibits PKR by competing with eIF-2␣ as a PKR substrate (15) . In addition, HCV NS3͞4A protease inhibits activation of IRF-3 and IFN-␣͞␤ synthesis (16) . Moreover, HCV seems to block the IFN-induced JAK͞STAT pathway by mechanisms not yet elucidated (17) . Pestiviruses, also related to DEN, express a protein, N pro , that inhibits IFN-␣͞␤ synthesis (18) . In contrast, the mechanism(s) used by arthropod-born human flaviviruses, including DEN virus, remain unknown. Although HCV and DEN have common structural features, they do not share enough sequence similarity to allow predictions about the possible function of many of their genes. In addition, the N pro gene of pestivirus is not present in DEN and other members of the genus Flavivirus.
We have analyzed the ability of the 10 proteins encoded by DEN type 2 (DEN-2) to block the IFN system. Our results show that NS4B strongly blocks the IFN-induced signal-transduction cascade by interfering with STAT1 function. In addition, NS4A and, to a lesser extent, NS2A also block IFN signaling, and the cumulative effect of the three proteins inhibits IFN signaling completely. This inhibition is also observed in DEN-infected cells, suggesting a role for NS4B in DEN pathogenicity.
Materials and Methods
Plasmid Constructs, Virus Strains, and Cell Lines. The DEN-2 infectious cDNA clone pD2͞IC-30P-A (19) served as template for the cloning of the 10 DEN-2 genes and to derive infectious virus used in this manuscript. This clone was kindly provided by R. Kinney (Arbovirus Disease Branch, Centers for Disease Control and Prevention, Fort Collins, CO). Each DEN-2 gene was cloned in the mammalian expression vector pCAGGS containing the ␤-actin promoter (20) . Where appropriate, 5Ј end PCR primers were targeted to upstream gene regions to include the signal peptide necessary for ER translocation and signal peptidase cleavage of the encoded protein (Table 1 , which is published as supporting information on the PNAS web site). Hemagglutinin (HA) tags were placed at the 3Ј end of each DEN-2 gene to generate C-terminal HA-tagged DEN-2 proteins. Two reporter plasmids containing ISRE promoters driving the expression of chloramphenicol acetyl transferase (CAT) were used: pHISG-54-CAT (21) and pISRE 4 -9-27-CAT (4), the latter kindly provided by M. Whatelet (Department of Molecular and Cellular Physiology, University of Cincin-nati). pCAGGS-NS1(SAM) and pCAGGS-NiPV(-C) express the influenza A͞PR8͞34 virus NS1 and the Nipah virus V proteins, respectively (22, 23) . The firefly luciferase (FL) control plasmid is also a pCAGGS-based plasmid. For the tumor necrosis factor (TNF) signal transduction assays, the plasmid pB-luc encoding the FL gene under the control of NF-B responsive promoter was used (24) . The pRL-TK-luc (Promega) encoding Renilla luciferase (RL) under the control of herpes simplex virus (HSV) thymidine kinase promoter was used as an internal control of transfection efficiency in the TNF-signaling assays. The pEAK-8 plasmid was kindly provided by A. Ting (Department of Immunobiology, Mount Sinai School of Medicine). This plasmid expresses IB␣ S32/36A , a dominant-negative mutant of IB␣ (IB␣DN) containing serine-alanine substitutions at positions 32 and 36, and it was used as a control of TNF-signaling inhibition. The construction and growth of the GFP-tagged Newcastle disease virus (NDV-GFP) is described elsewhere (23) . Sendai virus (SeV), Cantell strain, was propagated at 37°C in 10-day-old embryonated chicken eggs. 293T, Vero, LLCMK2, and A549 cells were obtained from American Type Culture Collection (ATCC) and maintained in DMEM containing 10% FBS. Chicken embryo fibroblasts (CEF) where obtained from 10-day-old chicken embryos and maintained in MEM with 10% FBS.
Transfection and NDV-GFP Infection of CEF and A549 Cells. CEF and A549 cells were seeded onto 24-well plates. In transfection experiments, media were replaced by DMEM supplemented with 5% FBS for both CEF and A549 cells. To transfect CEF, 2 g of plasmid DNA diluted in 50 l of OptiMEM (GIBCO) and 6 l of FuGENE 6 (Roche) diluted in 50 l of OptiMEM were mixed. Transfection mixtures were incubated at room temperature for 20 min and added to the cells. A549 cells were transfected by using Lipofectamine 2000 (Invitrogen) as specified by the manufacturer. After 20 h of incubation at 37°C, transfected cells were washed with PBS and infected with NDV-GFP at a multiplicity of infection (moi) of 1-2 at room temperature for 60 min. The inoculum was then aspirated, and cells were maintained in MEM-10% FBS (CEF) or DMEM-10%FBS (A549). The infected cells were incubated at 37°C before detection of GFP expression by fluorescence microscopy.
Reporter Gene Assays. 293T cells were transfected by using calcium phosphate (25) . Vero cells were transfected by using Lipofectamine 2000 (Invitrogen). Each transfection of 5 ϫ 10 6 cells contained three plasmids: 1.2 g of either pHISG-54-CAT or pISRE 4 -9-27-CAT, 0.5 g of pCAGGS-FL, and 5 g of a pCAGGS construct of interest. Twenty-four hours posttransfection, cells were mocktreated or treated [293T cells were infected with SeV, moi of Ϸ2, and Vero cells were incubated with 1,000 units of human IFN-␤ (Calbiochem)]. Cells were maintained in DMEM͞1% FBS. Twenty-four hours posttreatment, cells were harvested and lysed. CAT assays were performed as described (26) . Luciferase assays were performed by using a luciferase assay system (Promega). In the NF-B-FL assays, Vero cells were transfected with empty plasmid, pCAGGS-NS4B-HA, or pEAK-8-IB␣DN. FL and RL constructs were cotransfected. Twenty-four hours after transfection, cells were incubated for 30 min in the presence of TNF-␣ (10 ng͞ml; R & D Systems), and FL and RL activities were measured by using a dual luciferase assay (Promega).
Immunofluorescence. Cells were grown on microscope coverslips and fixed͞permeabilized in cold acetone:methanol (1:1). Cell nuclei were permeabilized for 5 min in 0.5% Nonidet P-40 (Sigma). Dengue mouse antibody (Biogenesis, Bournemouth, U.K.), HA-TAG mouse antibodies (Sigma), phosphorylated STAT1 (Tyr-701) rabbit polyclonal antibody (Cell Signaling Technology, Beverly, MA), and rabbit polyclonal anti-calnexin (N and C terminus) (BD Biosciences) were used as primary antibodies. Texas-red-and FITC-conjugated anti-rabbit or antimouse (Jackson Immunochemicals) were used as secondary antibodies. Nuclear chromatin staining was performed by incubation in a PBS solution containing 0.5 mg͞ml 4Ј,6-diamidino-2-phenylindole (DAPI, Sigma). Human IFN-␤ and IFN-␥ were used at 1,000 units͞ml in STAT1 induction studies.
Results
Detection of DEN-2 IFN Antagonist Proteins. The 10.7-kb RNA genome of DEN-2 encodes 10 polypeptides: C, prM, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 proteins. The corresponding genes were amplified by PCR from pD2͞IC-30P-A and cloned in pCAGGS(3ЈHA) to generate plasmids expressing C terminus HA-tagged DEN-2 proteins. Western blots indicated that all HAtagged DEN proteins were expressed to comparable levels in transfected cells (data not shown). We and others have reported that IFN is produced after lipid-mediated transfection of cells with plasmid DNA (23, 27) . As a consequence, replication of an IFNsensitive virus, such as NDV, is greatly inhibited. Transfection of plasmids expressing known IFN antagonists, such as influenza A virus NS1 (fNS1), Ebola virus VP35, and Nipah virus V, W, and C proteins, enhances replication of a NDV-expressing GFP (NDV-GFP) in plasmid-transfected CEF (23) . Therefore, we attempted to identify potential DEN-encoded IFN antagonists based on their ability to facilitate NDV-GFP replication in transfected CEF. In addition, we have adapted this screening assay to human cells (A549) to detect antagonists of the human IFN response. CEF (Fig.  1A ) and A549 cells (Fig. 1B) were transfected with each of the 10 DEN-2-derived plasmids. Twenty-four hours posttransfection, cells were infected with NDV-GFP, and GFP expression was analyzed the following day by fluorescence microscopy. The results revealed that NDV-GFP replication was enhanced in CEF transfected with DEN-2 NS2A and NS4A expression plasmids. We found that NDV-GFP replication was enhanced in A549 expressing NS2A and NS4A, but an additional DEN-2 protein, NS4B, also promoted viral replication. As expected, NDV-GFP replication was compromised in empty plasmid transfected cells and enhanced in cells expressing fNS1 (Fig. 1) . These results pointed to the identification of three potential DEN-2 anti-IFN proteins, NS2A, NS4A, and NS4B. We considered particularly relevant the results obtained in A549 cells because these are human cells.
Although the ability of DEN-2 NS2A, NS4A, and NS4B proteins to enhance replication of NDV-GFP suggests that they inhibit the IFN system, additional experiments are needed to demonstrate that this is the case. We then analyzed the ability of DEN-2 proteins to block either IFN induction by viral infection ( Fig. 2A) or IFN-stimulated signal transduction (Fig. 2B ) by using a CAT reporter gene under the control of an ISRE promoter. Virus-induced activation of the ISRE-54 promoter is known to be mediated by activation of IRF-3, a transcription factor also involved in IFN-␤ promoter activation (28) . 293T cells have been demonstrated to be a suitable model to study the effects that a foreign IFN antagonist protein has in virus-induced activation of ISRE (29) . High transfection efficiency of plasmids is obtained by using calcium phosphate, and unpublished results in our lab indicate that direct stimulation of ISRE-54 by endogenous IFN does not occur in 293T cells. To determine whether DEN-2 proteins inhibit virus-mediated activation of the ISRE-54 promoter, 293T cells were calcium phosphate transfected with an ISRE-54-CAT plasmid and pCAGGS plasmids expressing DEN-2 proteins. A plasmid expressing FL was used to control for transfection efficiency. Empty pCAGGS plasmid provided a control for basal expression of the ISRE reporter gene. After transfection, only very low levels of CAT activity were detected (data not shown). CAT activity, indicative of activation of the ISRE-54 promoter, was readily detected 24 h after infection with SeV ( Fig. 2 A, penultimate column) . None of the DEN-2 proteins significantly inhibited CAT expression, indicating that these proteins do not inhibit virus-mediated activation of the ISRE-54 promoter in 293T cells. By contrast, expression of fNS1, a known inhibitor of IRF-3 activation (22), resulted in strong inhibition of CAT activity. FL values in all transfections were comparable (data not shown), indicating similar transfection efficiencies and a lack of general inhibition of gene expression by individual DEN-2 proteins.
In addition to directly responding to IRF-3 activation, the ISRE-54 promoter is stimulated by IFN-␣͞␤ through the activation of the STAT1͞STAT2͞IRF-9 transcription factor (ISGF3). To investigate the ability of the 10 DEN-2 proteins to inhibit IFNmediated signal transduction, we studied ISRE-54 promoter activation in transfected Vero cells after stimulation with exogenously added IFN-␤. Vero cells do not produce IFN (30) , and therefore the IFN signaling detected is due only to stimulation by exogenous IFN and not by IFN that might be produced due to transfection. Each DEN-2 protein expression plasmid was transfected in Vero cells in combination with the ISRE-54-CAT reporter plasmid. Cells were incubated with IFN-␤ 24 h later, and cell lysates were prepared and assayed for CAT activities (Fig. 2B) . We found that expression of NS4B (P ϭ 0.04) and, to a lesser extent, NS2A (P ϭ 0.06) and NS4A (P ϭ 0.03) resulted in reduced CAT expression, suggesting that these DEN-2 proteins interfere with the IFN-␣͞␤-signaling pathway. As expected, expression of Nipah virus V protein, a known inhibitor of IFN signaling (23, 31) , also resulted in inhibition of ISRE-54-CAT activation by IFN-␤ (Fig. 2B ).
DEN-2 NS4B Inhibits IFN-␤ Signaling.
Our reporter gene assays show that expression of NS2A, NS4A, or NS4B proteins of DEN-2 inhibits IFN-␤ stimulation of ISRE-54 to different extents. To further assess the specificity of this inhibition, Vero cells were transfected with pCAGGS-NS2A-HA, NS4A-HA, or NS4B-HA in combination with a plasmid containing the ISRE-9-27 promoter driving CAT expression. In addition, we tested the combined effects of these three DEN proteins. The ISRE-9-27 promoter is stimulated by IFN and not by virus-mediated activation of IRFs (4, 32). After IFN treatment, CAT activity was measured and normalized as in previous experiments, and the percentage of CAT inhibition was obtained for NS2A, NS4A, and NS4B. The results with each of the three individual proteins are comparable to the corresponding values obtained with the ISRE-54 promoter. In addition, we found that the antagonistic effects of these proteins in the IFN pathway is stronger when these proteins are coexpressed (Fig. 3A) . In the next set of experiments, we focused our studies on NS4B because this protein showed the strongest induction of IFN-mediated gene expression. To determine the specificity of NS4B for IFN signaling, we tested the potential of this protein to inhibit a different signal transduction pathway, namely the activation of NF-B by TNF. Vero cells were transfected with a plasmid containing an NF-B responsive promoter driving the expression of FL. This reporter plasmid was cotransfected with a plasmid constitutively expressing RL to control for transfection efficiency, and with pCAGGS-NS4B-HA. A plasmid expressing IB␣DN provided a positive control for repression of NF-B. The transfected Vero cells were incubated with TNF, and FL and RL activities were determined. We found that FL values were not altered by expression of NS4B, indicating that TNF-signaling pathway is not inhibited by this protein (Fig. 3B) . Therefore, NS4B does not cause a general inhibition of cell-signaling pathways. We also confirmed that in these experiments NS4B is properly located in association with the ER (33, 34) by double immunof luorescence analysis of NS4B-HA and of the endogenous ER protein calnexin (Fig. 3C ). NS2A and NS4A are also ER-associated (data not shown).
Inhibition of IFN-Mediated STAT1 Phosphorylation by DEN-2 NS4B.
IFN-␣͞␤ binds to the cell surface receptor IFN-␣ receptor, resulting in activation of JAK1 and TYK2 kinases, which then tyrosine phosphorylate STAT1 and STAT2, causing their heterodimerization and nuclear translocation. To further analyze the inhibition of IFN signaling by NS4B, we tested the effects of NS4B in IFN-mediated phosphorylation (activation) of STAT1. LLCMK2 cells were transfected with pCAGGS or with pCAGGS-NS4B-HA and stimulated with IFN-␤. NS4B-HA and tyrosine phosphorylated STAT1 were then visualized by immunofluorescence (Fig. 4A) . Phosphorylated STAT1 was undetectable in cells not treated with IFN-␤ (data not shown). By contrast, all cells transfected with empty plasmid exhibited intense nuclear staining indicative of phosphorylated STAT1 on IFN-␤ treatment (not shown). Strikingly, phosphorylated STAT1 was undetectable in the majority (77%) of IFN-␤-treated cells expressing NS4B (Fig. 4A) . Immunofluorescence with a STAT1-specific antibody indicated that NS4B-expressing cells had levels of cytoplasmic STAT1 similar to those in nonexpressing cells (not shown), indicating that the lack of phosphorylated STAT1 is probably not due to STAT1 degradation.
Tyrosine phosphorylation and nuclear translocation of STAT1 is also induced by IFN-␥. Stimulation of IFN-␥ receptor causes phosphorylation of the JAK1 and JAK2 kinases, which in turn phosphorylate STAT1. STAT1 homodimers translocate to the nucleus and stimulate transcription of IFN-␥ responsive genes. To determine whether NS4B also prevents IFN-␥-mediated phosphorylation of STAT1, we performed similar immunofluorescence experiments in cells transfected with a pCAGGS-NS4B-HA and treated with IFN-␥. The results (Fig. 4 Lower) indicate that expression of NS4B also blocks IFN-␥ phosphorylation (activation) of STAT1 (83% of transfected cells).
Inhibition of IFN-Mediated STAT1 Phosphorylation by DEN-2 Infection.
To determine whether the inhibition of the IFN-signaling pathway also occurs during DEN-2 infection, we investigated STAT1 phosphorylation in LLCMK2 cells infected with DEN-2 and stimulated with IFNs. LLCMK2 cells were infected with DEN-2 for 6 days, followed by treatment with IFN-␤ or IFN-␥ (Fig. 4B) for 30 min. The presence of virus antigens and phosphorylated STAT1 was visualized by immunofluorescence. The results revealed that 89% and 93% of the infected cells did not exhibit phosphorylated STAT1 in response to IFN-␤ and IFN-␥, respectively, whereas almost 100% of uninfected cells exhibited phosphorylated nuclear STAT1 after IFN-␤ or IFN-␥ stimulation. Therefore, the inhibition of IFN signaling found in cells expressing NS4B is also present in DEN-2-infected cells. Collectively, the data suggest that NS4B contributes to the inhibition of IFN signaling during DEN-2 infection.
Discussion
Our results show two lines of evidence indicating that NS2A, NS4A, and NS4B proteins of DEN-2 are IFN antagonists. The NDV-GFP-based assay allows the detection of viral-encoded IFN antagonists acting through different mechanisms (23) ; for example, the fNS1 blocks IFN production as well as the activation of the IFN-inducible enzyme protein kinase R (35) whereas the V protein of Nipah virus blocks IFN signaling (23, 36) . We found that expression of DEN-2 NS2A, NS4A, and NS4B facilitates NDV-GFP replication in human A549 cells whereas only NS2A and NS4A increased replication of NDV-GFP in CEF. The differences in NS4B action between human and chicken cells may be indicative of a species-specific mechanism of IFN inhibition. Species specificity has also been reported for the IFN antagonist V proteins of several paramyxoviruses (37, 38) . The second line of evidence implicating NS2A, NS4A, and NS4B as IFN antagonists comes from reporter gene assays. Expression of DEN-2 NS4B, and to a lesser extent NS2A and NS4A, inhibited the activation of two different ISRE promoters in response to IFN-␤ (Fig. 3A) , suggesting that these proteins inhibit IFN-␤ signaling. Interestingly, coexpression of NS2A, NS4A, and NS4B blocked ISRE-54-and ISRE-9-27-driven CAT activity in response to IFN-␤ almost completely. All these three proteins are located in association with the ER. Because interactions between ER-associated proteins of f laviviruses have been described (39, 40) , it is tempting to speculate that these three proteins might interact during DEN infection, resulting in strong IFN inhibition by a mechanism not yet identified. Future work will focus on elucidating those possible interactions.
Our work has mostly focused on NS4B because this protein exhibited the highest inhibitory effects on ISRE promoter activation. We further defined NS4B anti-IFN function by investigating STAT1 tyrosine phosphorylation (activation) in response to IFN by immunof luorescence. In these assays, IFN-␤ treatment of cells expressing NS4B did not result in detectable levels of nuclear phosphorylated STAT1, suggesting that NS4B blocks IFN signaling by preventing phosphorylation of STAT1. Alternatively, NS4B may promote dephosphorylation or degradation of activated STAT1. NS4B also blocks IFN-␥-mediated phosphorylation of STAT1. Therefore, a possible mechanism by which NS4B could block IFN may involve interactions with common players implicated in both IFN-␣͞␤ and IFN-␥-signaling pathways, such as JAK1 or STAT1. Future work is aimed to characterize the mechanism of action of NS4B.
A role for NS4B in flavivirus infections had not been previously established. Interestingly, a mutation in NS4B has recently been found to impair replication of DEN-4 in mosquito cells, but to enhance replication in mammalian cells, indicating a dual role of this protein in viral pathogenesis (41) . Whether those findings relate to an IFN-antagonistic function of NS4B remains to be determined. NS4B has a 78-85% amino acid sequence identity among the four DEN serotypes whereas the NS4B proteins of yellow fever, West Nile virus, and DEN exhibit Ϸ35% amino acid identity, and HCV NS4B bears a negligible resemblance. Despite this divergence, the predicted topology of NS4B, containing several ER and cytoplasmic domains separated by transmembrane regions, is strikingly similar among the Flaviviridae (34, 42) . Future work will elucidate whether the anti-IFN function of NS4B is conserved in this family.
Uncleaved NS4A-NS4B of HCV virus causes reduced transport of cell surface proteins through the ER. This inhibitory effect is not seen when the two proteins are cleaved or expressed separately (43) . Nevertheless, because HCV NS4B expression induces distinct ER morphological changes (43, 44) , it might be possible that DEN-2 NS4B generally inhibits cell surface expression of proteins͞receptors, resulting in unspecific inhibition of IFN signaling. However, TNF signaling was not affected by NS4B expression (Fig. 3B) , and immunofluorescence experiments have not reveled significant differences in the surface expression of transferrin and IFN-␣ receptors between cells expressing and not expressing NS4B (data not shown). Our data then point to a specific inhibition of IFN signaling by DEN-2 NS4B.
Inhibitors of IFN signaling have been previously identified in other viral families with DNA or negative strand RNA genomes. Among the negative strand RNA viruses, paramyxovirus V proteins block IFN signaling by inducing STAT degradation or by blocking STAT phosphorylation, and C proteins bind to and inhibit STAT1 (for a recent review, see ref. 45) . IFN signaling has also been shown to be inhibited by the adenovirus E1A protein (46, 47) and by the large T antigen of murine polyoma virus (48) . By contrast, no examples precede the identification of an IFN-signaling inhibitor encoded by a positive strand RNA virus. Although previous work indicates that the HCV virus may encode IFN-signaling inhibitor(s) (17) , no viral proteins have yet been found to be directly responsible for this effect. We have described a previously unrecognized function of NS4B and possibly NS2A and NS4A of DEN-2 as IFN-signaling inhibitors. By counteracting the IFN-mediated antiviral immune response, NS4B is likely to play a role in DEN pathogenicity, and therefore this protein might represent an attractive target for the development of new antiviral compounds against this emerging virus. Twenty-four hours posttransfection, cells were stimulated with IFN-␤ or IFN-␥ for 30 min and processed for immunofluorescence. NS4B-HA was detected by using a monoclonal antibody against HA and donkey anti-mouse FITCconjugated antibody (green). Phosphorylated STAT1 was visualized by using a polyclonal antibody against phosphorylated STAT1 and a donkey anti-rabbit Texas red-conjugated antibody (red). (B) LLCMK2 cells infected with DEN-2 at an moi of 1-2. After 6 days, cells were starved for 2 h and incubated in the presence of human IFN-␤ or IFN-␥ for 30 min at 37°C. Cells were permeabilized and immunostained by using monoclonal antibody for DEN-2 E protein and Texas red-conjugated donkey anti-mouse (red). Phosphorylated STAT1 was visualized by using a polyclonal antibody against phosphorylated STAT1 and FITC-conjugated donkey anti-rabbit (green). Arrows show examples of cells with no or low levels of nuclear staining of phosphorylated STAT1 and high expression of NS4B or DEN-2 epitopes.
